Effective passivation of interface defects in high-k metal oxide/Ge gate stacks is a longstanding goal of research on germanium metal-oxide-semiconductor devices. In this paper, we use photoelectron spectroscopy to probe the formation of a GeO 2 interface layer between an atomic layer deposited Al 2 O 3 gate dielectric and a Ge(100) substrate during forming gas anneal (FGA). Capacitance-and conductance-voltage data were used to extract the interface trap density energy distribution. These results show selective passivation of interface traps with energies in the top half of the Ge band gap under annealing conditions that produce GeO 2 interface layer growth. First principles modeling of Ge/GeO 2 and Ge/GeO/GeO 2 structures and calculations of the resulting partial density of states (PDOSs) are in good agreement with the experiment results.
Germanium has been long considered a potential material to replace silicon for future metal-oxidesemiconductor (MOS) devices due to its high intrinsic electron and hole mobilities [1] . The possibility of integrating high-k dielectric gate insulators on Ge substrates has been demonstrated [2, 3] , leading to numerous subsequent efforts to passivate interface defects in high-k/Ge MOS structures, including Si-passivation, nitridation, fluorine passivation, sulfur treatment, etc [4, 5] . The GeO 2 /Ge MOS system was originally considered problematic compared to SiO 2 /Si due to the water-solubility and relative thermal instability of GeO 2 [6, 7] . However promising results on interface traps were obtained after thermal growth of relatively thick GeO 2 layers on Ge substrate in high pressure oxygen or ozone ambient, achieving interface trap densities (D it ) at the 10 11 eV -1 cm -2 level, as reported in [8] and [9] .
Theoretical calculations showed that the Ge dangling bond densities at GeO 2 /Ge interface are consistent with these low D it values and comparable to values for SiO 2 /Si. They result from the low viscosity of GeO 2 at the low temperatures (< 600˚C) typically used in Ge MOS device fabrication [10] .
The need to achieve both low D it and low equivalent oxide thickness (EOT) simultaneously, for continued dimensional scaling of field effect devices, prompts research into dielectric processing approaches that form ultra-thin GeO 2 -like interface layers between high-k dielectrics and the underlying Ge channel. Post-metal gate forming gas (H 2 /N 2 ) anneals (FGA) of ALD-HfO 2 and ALDAl 2 O 3 dielectrics have been observed to significantly reduce the interface state density of (100) Ge MOS capacitors, and this coincides with an increase in Ge 4+ bonding at the interface, as detected in synchrotron photoelectron spectroscopy (PES) studies for samples without a gate metal in place [11, 12] . Previous reports indicate that the characteristics of the interface defects are strongly influenced by the oxidizing species, such as atomic oxygen, ozone or molecular oxygen [13, 14] . It can be inferred from these results that oxidation of a Ge (100) substrate surface during hydrogen-based annealing of ALD-grown Al 2 O 3 dielectrics differs from direct oxidation of Ge. This prompts interest in developing a detailed understanding of the relevant defect passivation mechanisms. Interfacial germanium oxide formation during hydrogen anneals may be promoted by residual hydroxyl groups present in the ALD-grown gate dielectric layers, while, for example, in an alternative approach [15, 16] , plasma oxidation through an interposed ALD-Al 2 O 3 layer is used to produce an ultrathin GeO X interface layer, followed by deposition of ALD-HfO 2 and metal gate formation, with no hydrogen anneal used in the gate stack fabrication process. In both processes, growth of a GeO X layer is found to coincide with a reduction in D it .
In this paper, we present high-energy XPS data demonstrating that hydrogen annealing generates indicated by the much-reduced false inversion feature in Fig.1 energies in the bottom half of the band gap is comparable for all the FGA conditions represented in Figure 1 and Figure 2 . In comparison to the D it distribution observed in this study, relatively symmetric, U-shaped, distributions were reported for direct oxidation of Ge (100) wafers using various oxidant species [13, 25] , except in the case where atomic oxygen, a very active oxidant, was used [13] . This difference suggests the distinct nature of the interface defect population produced by subcutaneous oxidation during forming gas annealing of ALD-Al 2 O 3 coated Ge (100). These results, that passivation of high-k/Ge interface defects coincides with formation of a thin GeO x layer between the ALD high-k layer and a Ge channel, are consistent with findings in references [8] and [10] . The C-V curves are greatly improved in terms of frequency dispersion and the D it feature after FGA at 350 o C for 30 min. Comparing Fig. 3(b) to Fig. 3(c) , the FGA temperature is kept at 350 o C, and the anneal time is increased from 30 min to 60 min. An increase of the chemically-shifted Ge +4 peak is observed for increasing FGA time, suggesting more GeO 2 is formed between Al 2 O 3 and
Ge. After increasing the FGA temperature to 400 o C, the Ge +4 peak intensity is further increased, and the spectrum is best fitted by only Ge +3 and +4 peaks, without any Ge +1 and +2 features.
The above analysis leads to the following model that, during FGA, hydrogen may diffuse to the This proposed reaction is consistent with prior experiments on high-k oxides on Ge substrates [11, 12] . Hard x-ray synchrotron PES (HAXPES) is suitable for these measurements due to the greater collection depth of bonding information resulting from the relatively high incident photon energies.
Data were recorded at the National Institute of Standards and Technology Beam Line x-24A, which is equipped with a Si(111) double-crystal monochromator and a hemispherical electron analyser that select photons with energies ranging from 2 keV to 5 keV. Details of the beamline and vacuum system have been reported previously in [20] . In this experiment, a photon energy of 4150 eV was chosen to permit probing at depths more than 10 nm below the surface of our samples. The pass energy of the electron energy analyzer was set to 200 eV, which provides an energy resolution around 0.5eV. To account for small energy shifts of the incident photon beam, which can occur during long measurement times, the 3d peak and Fermi edge of a silver thin film were both measured before and after each sample was characterized, to provide a reference. These results are in agreement with our analysis in previous parts of this paper. [32, 33] which consists of a three-fold bonded Ge -site near a three-fold bonded O + site (VAP with a Ge4 defect is referred to as Ge4-VAP). The charges indicated are formal ionic charges which create an overall closed electronic shell.
Density Functional Theory
The Ge dangling bond gives rise to a state just at the valence band (VB) edge [27] , which is half-filled when neutral. The Ge-Ge bond gives rise to states which would lie deep in the Ge VB, and well into the Ge conduction band (CB), respectively. Considering the forgoing experimental data (Figure 1 and 2), the VAP is interesting as it gives rise to two defect states that lie close to the Ge band edges. One filled state is on the three-fold Ge site, with energy level near the VB edge. The other empty state associates with the Ge4 defect site, and its energy level lies near the CB edge [28, 31] . These states can be seen in the supercell calculations of Figure 5 . reports that GeO will cause O deficiency defects near the VB edge [25, 26] . Figure. 5(b) shows the atomic structure and PDOSs of a Ge/GeO 2 interface with a Ge4-VAP whose dipole points toward the GeO 2 side. The three-fold O is detached from three-fold Ge in this VAP. Broqvist et al [x4,x5] found that such interfacial VAP can increase the VBO close to the experimental value, which is an indication that the actual bonding motif at the Ge/GeO 2 interface is intrinsically different than its Si/SiO 2 counterpart. In this work, we find new effect of this interfacial VAP that it induces charge trapping resonant states close to the band edges. To the best of our knowledge, this effect has not been reported.
Three-fold Ge and Ge4 defect in Figure 5 (b) both introduce defect states within the Ge band gap, where defect state from the three-fold Ge lies close to the VB edge while that from the Ge4 defect is close to the CB edge. These two defect states act as hole trap and electron trap, respectively. It is found from the modeling that defect free Ge/GeO 2 interface has a clean band gap, while Ge/GeO/GeO 2 structure can have a large density of defect states near the VB edge [x6], and Ge4-VAP at Ge/GeO 2 interface can introduce defect energy levels close to both the valence and conduction band edges.
We also calculated the effect of hydrogen atoms interacting with these defects. Hydrogen has the effect of removing both electron and hole traps from the band gap energy range. In passivation of the GeO like interfacial VAP, atomic hydrogen adds to the three-fold Ge site, to form a Ge-H bond, removing the hole trap from the gap and passivating this site, as shown in Figure 5 (c). This occurs with little energy barrier. In passivation of the Ge4-VAP, two hydrogen atoms sit on the three-fold Ge site and Ge4 defect site, respectively. This leaves a four-fold and a five-fold Ge site, both without any gap state, which is illustrated in Figure 5 (d). Thus, H can passivate the electron trap state as well as the hole trap; however, these reactions occur with a greater energy barrier for passivation of the electron trap associated with the Ge4 defect.
These observations are consistent with our experimental results. Low temperature (≤ 350˚C) forming gas anneals performed for 30 min in these experiments significantly reduce the interface trap density across the band gap compared to the unannealed case, although the resulting D it distribution is asymmetric. As depicted in Fig. 2 , the interface trap density is greatest near the CB edge and this is consistent with the greater predicted energy barrier for H passivation of 3-fold O electron traps at the GeO x /Ge interface. With increasing FGA temperature and annealing time, PES spectra show that the oxide interlayer nonstoichiometry is reduced, producing more GeO 2 -like bonding. This should correspond to a reduced density of both 3-fold Ge and Ge4 defects near the interface. As the 3-fold
Ge hole traps near the VB edge are predicted to be more easily passivated by hydrogen alone, the selective removal of interface traps observed at energies in the top half of the Ge band gap (Fig. 2) may result primarily from the improved GeO x stoichiometry after annealing. However, a contribution from the improved kinetics of H passivation of the Ge4 electron traps cannot be ruled out, for the higher temperature (450˚C) annealed samples.
Second ion mass spectrometry (SIMS) characterization was used to examine the DFT prediction that hydrogen will preferentially bind at defects in the Al 2 O 3 /GeO 2 /GeO/Ge interface region of Pt-gated Ge MOS structures. The characterization is performed with Cameca NanoSIMS 50L which has both high mass resolution and sub-ppm sensitivity, with a lateral spatial resolution down to 50 nm. Samples with and without annealing are analyzed by depth profiling through the overlying Pt gate and into the oxide and substrate. In this experiment, N 2 /D 2 (5%) deuterated forming gas was used to anneal a sample at 
